Lysinibacillus sphaericus JG-B53 was isolated from the uranium mining waste pile Haberland near Johanngeorgenstadt, Germany. Previous studies have shown that many bacteria that have been isolated from these heavy metal contaminated environments possess surface layer (S-layer) proteins that enable the bacteria to survive by binding metals with high affinity. Conversely, essential trace elements are able to cross the filter layer and reach the interior of the cell. This is especially true of the S-layer of L. sphaericus JG-B53, which possesses outstanding recrystallization and metal-binding properties. In this study, S-layer protein gene sequences encoded in the genome of L. sphaericus JG-B53 were identified using next-generation sequencing technology followed by bioinformatic analyses. The genome of L. sphaericus JG-B53 encodes at least eight putative S-layer protein genes with distinct differences. Using mRNA analysis the expression of the putative S-layer protein genes was studied. The functional S-layer protein B53 Slp1 was identified as the dominantly expressed S-layer protein in L. sphaericus JG-B53 by mRNA studies, SDS-PAGE and N-terminal sequencing. B53 Slp1 is characterized by square lattice symmetry and a molecular mass of 116 kDa. The S-layer protein B53 Slp1 shows a high similarity to the functional S-layer protein of L. sphaericus JG-A12, which was isolated from the same uranium mining waste pile Haberland and has been described by previous research. These similarities indicate horizontal gene transfer and DNA rearrangements between these bacteria. The presence of multiple S-layer gene copies may enable the bacterial strains to quickly adapt to changing environments.
INTRODUCTION
Previously, several soil samples were taken from the uranium mining waste pile Haberland, which is located near Johanngeorgenstadt (Selenska-Pobell et al., 1999) . Bacteria recovered from these samples were analysed regarding their interactions with uranium and other heavy metals (Merroun et al., 2005; Raff & Selenska-Pobell, 2004 ). Bacteria living in extreme environments may interact efficiently with these inorganic contaminants (heavy metals) via different mechanisms such as intracellular accumulation (Merroun et al., 2003) , precipitation (Jroundi et al., 2007; Nedelkova et al., 2007) , or biosorption at the cell surface (Merroun et al., 2005) . Some members of the Gram-positive bacterial isolates possess surface layer (S-layer) proteins as outermost cell envelope, which were generally found to contribute to heavy metal tolerance of the cells . cell at all stages of bacterial growth (Bahl et al., 1997; Pum et al., 1993; Pum & Sleytr, 1994; Sleytr & Sára, 1997) . Up to 15 % of the total proteins produced by the cells are S-layer proteins, thus being the major protein species in S-layer expressing organisms (Kuen et al., 1994) . S-layer proteins are secreted by either a conserved general pathway SEC or the ATP binding cassette transporter (Fernández & Berenguer, 2000; Kawai et al., 1998; Sára & Sleytr, 2000) . Signal peptides that are essential for S-layer protein secretion are on average 30 aa in length, exhibit a positively charged N terminus, and have a hydrophobic core and a C-terminal recognition site for cleavage specific signal peptidases (Bendtsen et al., 2004) .
The cell anchoring of S-layer proteins is mediated in many S-layer expressing organisms by S-layer homologous (SLH) domains (Lemaire et al., 1995; Lupas et al., 1994) located at the N terminus or C terminus (Engelhardt & Peters, 1998) .
The wide occurrence of S-layer proteins in the biosphere points to a broad spectrum of attributed functions (Sára & Sleytr, 2000) . A remarkable characteristic of S-layer proteins is their strong resistance to extreme environmental conditions such as high ionic strength, low pH and high temperature (Claus et al., 2002; Engelhardt & Peters, 1998) , suggesting that they contribute to the stabilization and protection of the cells (Claus et al., 2005) . S-layer proteins work as molecular sieves and molecule and ion traps, and have in particular the ability to selectively bind heavy metal ions (Dohm et al., 2011; Merroun et al., 2005; Raff, 2002; Sára & Sleytr, 1987) .
Bacteria are able to respond quickly to changing environmental conditions. Horizontal gene transfer is a method that equips micro-organisms with a multiplicity of genes that support microbial survival and proliferation (Martinez et al., 2006) . The bacterial cell envelope is one of the most important cell attributes that interact directly with the environment. Multiple cell surface genes benefit the organism's evolution (Nakamura et al., 2004) . For example, in some cases, different S-layer variants were found to be encoded by the same bacterial strain. These copies enable the organisms to select between different versions, thus offering the possibility of reacting adequately to different stressors (Jakava-Viljanen et al., 2002; Kuen et al., 1997; Mignot et al., 2001 Mignot et al., , 2002 . In addition, the regulation of expression of different S-layer protein genes is an efficient method to deal with changing environmental conditions.
In this study, we analysed the putative S-layer proteins and S-layer protein genes of Lysinibacillus sphaericus JG-B53. The cells were found to produce S-layer proteins that cover the cellular surface with a regular two-dimensional structure showing square symmetry. Most interestingly, the genome of L. sphaericus JG-B53 encodes at least eight putative S-layer protein genes, which were identified and characterized in this study. A comparison of the functional S-layer proteins of L. sphaericus JG-B53 and of L. sphaericus JG-A12, another bacterial isolate from the uranium mining waste pile that was described in Pollmann et al. (2005) , identified high sequence similarities. These data indicate that both S-layer proteins, the functional SlfB of L. sphaericus JG-A12 and Slp1 of L. sphaericus JG-B53, fulfil similar functions. The multiplicity of S-layer-like proteins in L. sphaericus JG-B53 provides an indication of intensive cell stressors. Different protein variants can equip cells with essential skills to cope with fast changing environmental conditions.
METHODS
Bacterial strains and culture conditions. The Bacillus strains L. sphaericus JG-A12 and JG-B53 were routinely grown at 30 uC in nutrient broth (NB) medium containing 0.5 % (w/v) Bactopeptone and 0.3 % (w/v) meat extract (pH 7.0).
S-layer protein purification. The cells of L. sphaericus JG-B53 were grown overnight in a 70 l bioreactor in NB medium at 30 uC and harvested in the late exponential growth phase. The S-layer proteins were isolated as previously described (Engelhardt et al., 1986; Fahmy et al., 2006; Raff, 2002; Sprott et al., 1994) . All steps were performed at 4 uC. The cells were washed and prepared for 10 min with the rotating-blade blender IKA T8 (IKA Labortechnik) to remove bacterial flagella. After centrifugation and washing, 200 g of the bacterial biomass was treated with 1 mg DNase II and RNase A, respectively. The cells were disintegrated using the high-shear fluid processor (M-110S Microfluidizer processor, Microfluidics). The cell fragments were washed and the plasma membrane was removed using 1 % Triton X-100 for 30 min. After centrifugation and washing the peptidoglycan was lysed using 0.2 g lysozyme for 6 h. The S-layer protein containing fraction was washed several times and mixed with 6 M guanidine hydrochloride in 50 mM Tris pH 7.2 until the solution became clear. The solution was stirred for 2 h at room temperature and non-protein components were removed by centrifugation. The supernatant was dialysed against 1.5 mM Tris and 10 mM CaCl 2 , pH 8 for 24 h at 4 uC using dialysis tubing with a molecular mass cut-off of 50 000. The reassembled S-layer proteins were harvested by centrifugation and stored at 4 uC until use.
N-terminal S-layer protein sequencing. For N-terminal protein sequencing the proteins were separated in a 7.5 % SDS polyacrylamide gel by SDS-PAGE and transferred to a PVDF membrane using the Western blot method (Renart et al., 1979; Towbin et al., 1979) . The Trans-Blot SD transfer cell (Bio-Rad) was used for the transfer. The blotted PVDF membrane was stained in Coomassie staining solution containing 0.1 % Coomassie R-250, 40 % methanol and 10 % acetic acid for 10 min. Afterwards the membrane was decolourized in a solution of 40 % methanol and 10 % acetic acid. The membrane was then dried and the remaining protein bands of interest were cut and analysed using an ABI 494A Procise HT sequencer (Applied Biosystems) at the HZI (Helmholtz-Zentrum für Infektionsforschung) Braunschweig.
Molecular mass determination by static light scattering.
Purified, lyophilized S-layer polymer proteins were dissolved in 4.131 M guanidine hydrochloride in different concentrations and subjected to ultrafiltration using a 1000 kDa filtration membrane. The refractive index increment (dn/dc) measurements were achieved with a refractometer (a-refractometer 2.0b, SLS-Systemtechnik). Measurements of the static light scattering of the protein samples were performed at concentrations of 5, 8, 12 and 20 g l 21 with the CGS-3 compact goniometer system (ALV GmbH) using a HeNe laser (l5632.8 nm, 22 mW). The samples were transferred to round cuvettes and the scattered light intensities were measured in an angle range of 90-150u (increment 5u) with three analyses per angle, in a toluene bath at 25 uC. The molecular mass was calculated by using a Zimm plot (Hiemenz & Rajagopalan, 1977; Schurtenberger & Newman, 1993) .
Purification of genomic DNA. The DNA of 1 ml overnight bacterial cell culture of L. sphaericus JG-B53 was isolated and purified using the MasterPure Gram-positive DNA purification kit (Epicentre) according to the manufacturer's instructions. Purity and concentration of the DNA were determined using the NanoDrop 2000/2000c UV/Vis spectrophotometer (Thermo Scientific) and agarose gel electrophoresis (Sambrook et al., 1989) .
PCR, oligonucleotides and sequence analysis. PCR amplifications were carried out using a T3 thermocycler (Biometra). The synthesis of oligonucleotides was achieved by Eurofins MWG Operon. The sequences of all oligonucleotides used are listed in Table 1 . All amplification reactions were performed in a volume of 20 ml using Pfu DNA polymerase (Fermentas) and the conditions were optimized for each primer pair. The PCR products obtained were purified using the Quickstep 2 PCR purification kit (Edge Bio Systems) and sequenced from each strand using a Perkin Elmer Applied Biosystems 377 instrument. Bioinformatic analysis of S-layer genes and proteins.
Bioinformatic analyses were performed with the Genomics workbench (CLC bio). For this the genome information, which was generated in a fastq format of 200 base lengths per sequence fragment, was imported to the Genomics workbench and assembled with all imported data. Resulting contigs, which are the assembling products with a length of 200-500 000 bases, were extracted, the open reading frames were identified and the contigs were transformed to proteins.
Sequences of S-layer proteins were obtained using the NCBI database (http://www.ncbi.nlm.nih.gov/). Using parts of these sequences within the motif search tool of the Genomics workbench, several proteins with identical or similar sequences found in the genome data were checked using the BLAST database (http://blast.ncbi.nlm.nih.gov/). The S-layer proteins found were analysed with BioEdit with regard to their size and amino acid composition. The ExPASy program (http://web.expasy.org/ protparam/) was used in order to calculate the theoretical isoelectric point. Signal peptides were identified using the SignalP 4.0 program (www.cbs.dtu.dk/services/SignalP/) (Petersen et al., 2011) . SLH domains were identified using the sequence alignment program at http://fasta.bioch.virginia.edu/fasta_www2/fasta_www.cgi?rm=lalign (Huang & Miller, 1991) . The analyses of the promoter regions were performed with the program BPROM (http://linux1.softberry. com/berry.phtml?topic=bprom&group=programs&subgroup=gfindb; Solovyev & Shahmuradov, 2003) . The EMBOSS program (http:// emboss.bioinformatics.nl/cgi-bin/emboss/einverted) was used in order to identify inverted repeats after the stop codon.
Isolation of RNA. Total RNA of L. sphaericus JG-B53 was isolated from a bacterial culture during the mid-exponential growth phase. Ten millilitres of the bacterial suspension was harvested by centrifugation. The cell pellet was resuspended in 100 ml TE buffer containing 10 mM Tris/HCl and 1 mM EDTA at pH 8.0. After addition of 6 ml Lysozym (50 mg ml 21 ) the Gram-positive bacteria were incubated at 30 uC for 30 min in order to pre-lyse the cells. Afterwards the total RNA isolation was performed using the innuPREP RNA mini kit (Analytik Jena). Residual DNA was digested using the innuPREP DNase I digest kit (Analytik Jena). The isolated RNA was dissolved in 30 ml RNase-free water. The OD 260 value was measured spectrophotometrically with the NanoDrop 2000/2000c UV/Vis spectrophotometer (Thermo Scientific) in order to determine the total RNA concentration and purity. Additionally, the success of total RNA purification was checked by agarose gel electrophoresis.
Reverse transcription. The reverse transcription of mRNA to cDNA was performed using the Maxima reverse transcriptase (Thermo Scientific). The resulting cDNA samples were placed on ice until their use in PCRs. 
S-layer proteins of L. sphaericus JG-B53
As positive control, cDNA was amplified with 16S primers. As negative control in order to check for DNA contamination, RNA was used as template and incubated with 16S primers (Table 1) . As another positive control, PCR was performed using S-layer specific primers and genomic L. sphaericus JG-B53 DNA as nucleic acid template.
Atomic force microscopy. Atomic force microscopy (AFM) images of S-layer proteins were taken with the MFP-2-D-Bio (Asylum Research) using the AC mode in liquid. The purified S-layer proteins were immobilized at the surface of RCA-purified Si wafers (Kern & Puotinen, 1970) and scanned in water using the OMCL-TR400 cantilever in AC mode (Olympus Life Sciences) (Günther et al., unpublished) .
RESULTS
Characterization of the functional S-layer protein Slp1 of L. sphaericus JG-B53
L. sphaericus JG-B53 is a strain from the uranium mining waste pile Haberland, which expresses the S-layer protein Slp1, which covers the cells with subunits of square lattice symmetry (p4) and possesses a lattice constant of 13-14 nm (Fig. 1a) . The predicted molecular mass of the functional Slayer protein of 150 kDa was determined by SDS-PAGE (Fig. 1b) . The protein exhibits three identical N-terminal SLH domains. In comparison with SlfB, the functional Slayer protein of L. sphaericus JG-A12, the purification of L. sphaericus JG-B53 S-layer proteins was found to be more efficient, and the purified JG-B53 S-layer proteins exhibited excellent recrystallization characteristics at multiple surfaces.
Investigation of the genome sequence of L. sphaericus JG-B53
The purification of DNA of L. sphaericus JG-B53 resulted in yields of 473.8 ng ml
21
. Next-generation sequencing is a method that enables fast sequencing of the genomes of organisms. The de novo sequencing of 0.2 mg dsDNA of L. sphaericus JG-B53 yielded 159 million purified filtered sequence reads, which were used to create 208 contigs and to identify its total genome size of 4.85 million base pairs with the CLC Genomics workbench.
Identification of the L. sphaericus JG-B53 S-layer protein sequences
A main goal of whole genome analysis was the identification of all S-layer protein sequences encoded by the strain. The genomic data obtained were analysed with the CLC Genomics workbench (CLC bio).
The functional S-layer protein gene sequence was obtained using information gained by N-terminal sequencing of dominant protein bands of purified L. sphaericus JG-B53 Slayer protein.
The peptide PEAGVSTVKAINNT was determined by N-terminal sequencing of the protein. A similar sequence is located at position 223 of SlfB of L. sphaericus JG-A12, suggesting that not the N terminus but an internal part of the protein was determined. The sequence obtained was used in order to identify the functional S-layer protein B53 Slp1. The 3312 bp open reading frame of B53 slp1 encodes a protein of 1104 aa with a theoretical molecular mass of 116 kDa. This differs from the molecular mass of the functional JG-B53 S-layer protein, which was estimated by SDS-PAGE to be about 150 kDa (Fig. 1b) . Furthermore, no other protein or gene with a similar or identical N-terminal sequence could be identified within the analysed L. sphaericus JG-B53 genome sequence, assuming that the predicted protein is expressed in JG-B53.
The difference between the theoretical and measured size might be caused by the presence of post-translational modifications. It is due to neither glycosylation nor any other typical post-translational modification. The detected carbohydrate concentration of the functional S-layer protein B53 Slp1 is 0.3-0.4 % (w/w) and the phosphorylation of B53 Slp1 is 0.08-0.09 mol mol 21 (U. Weinert and S. Berger, personal communication). Static measurements using a Zimm plot proved the theoretical molecular mass of the functional protein, identifying the molecular mass of B53 Slp1 to be 115 (±10) kDa.
The identification of other S-layer protein gene sequences was performed using the BLAST database. Previous 16S rDNA analyses detected strong similarities of L. sphaericus JG-B53 to several other Lysinibacillus species, especially L. fusiformis ZC1 (accession no. PRJNA50013) and L. sphaericus C3-41 (accession no. PRJNA58945). Therefore the S-layer protein gene sequences of these strains were chosen as reference sequences for BLAST analyses. Identified S-layer protein sequences were further analysed using the previously described programs. These analyses detected genes encoding at least eight putative S-layer proteins in the genome sequence of L. sphaericus JG-B53.
Characterization of S-layer protein sequences of L. sphaericus JG-B53
The molecular masses of the putative L. sphaericus JG-B53 S-layer protein sequences varied between 40 and 158 kDa (Table 2 ), in accordance with the molecular masses of Slayer proteins described in the literature, ranging from 40 to 200 kDa (Claus et al., 2005) .
As described for typical S-layers (Claus et al., 2005) , the putative L. sphaericus JG-B53 S-layer proteins were found to be weakly acidic. Exceptions are the putative S-layer proteins B53 Slp4 and Slp8, which are basic.
Signal peptide sequences, which are essential for the export of S-layer proteins to the cell surface, were identified using the SignalP 4.0 program (Petersen et al., 2011) . Typical Slayer protein leader peptide sequences were detected in all putative S-layer proteins with the exception of B53 Slp6. The signal peptides of the putative L. sphaericus JG-B53 Slayer proteins have a mean of 29 amino acids with a range of between 24 and 35 amino acids (Tables 2 and 3 ).
The cell anchoring of S-layer proteins is mediated in many organisms by S-layer homologous (SLH) domains (Lemaire et al., 1995; Lupas et al., 1994) . The SLH domain has a conserved sequence of about 55 aa and is located at the N or C terminus of S-layer proteins and several cell envelope proteins (Engelhardt & Peters, 1998) . On average, 45 amino acids of typical SLH motifs, which were identified by Engelhardt & Peters (1998) , were compared with the putative B53 S-layer sequences. Most of the identified putative L. sphaericus JG-B53 S-layer proteins exhibit one or three SLH domains (Tables 2 and 4) . However, as an exception, the putative S-layer protein B53 Slp7 possesses no SLH motif sequence. The putative S-layer proteins exhibiting typical SLH motif sequences are Table 2 . Putative S-layer homologous proteins of L. sphaericus
JG-B53
SLH, S-layer homologous; N, N terminus; C, C terminus.
Protein ( Table 4 . The putative L. sphaericus JG-B53 Slayer proteins B53 Slp1, Slp3, Slp4, Slp5 and Slp6 possess N-terminal SLH domains, while B53 Slp2 and Slp8 exhibit C-terminal SLH domains. Most of these proteins exhibit three SLH domains but B53 Slp2 and Slp6 each possess only one SLH domain (Tables 2 and 4) .
Identification of expressed S-layer protein genes
In order to identify the S-layer protein genes that can be theoretically expressed, upstream regions of the respective genes were scanned using the PromH promoter finding program and downstream regions were analysed using the EMBOSS inverted repeat finding program. The promoter regions, ribosome-binding sites and inverted repeats that were identified in the analysed S-layer gene sequences are listed in Table S1 (available in Microbiology Online). Intact promoter regions, ribosome-binding sites and inverted repeats were identified by nearly all putative B53 S-layer genes. The expression of B53 slp6 is not possible because of the missing ribosome-binding site.
The expression of B53 Slp1 was confirmed using Nterminal sequencing, analyses of the S-layer protein and gene sequences, and mRNA studies (Fig. 2, lane 2) . Results of mRNA studies of all the identified putative S-layer genes are shown in Fig. 2, lanes 2, 4, 6, 8, 10 , 12, 14, 16 and 18. Amplifications of genomic DNA were used as positive control (Fig. 2, lanes 1, 3, 5 , 7, 9, 11, 13, 15 and 17). Lanes 6 and 16 in Fig. 2 confirm the expression of B53 slp3 and B53 slp8, respectively. The generation of data relating to the expression intensity was not possible with the methods used. The other identified putative S-layer genes are not expressed despite their theoretical functionality. An RNA sample was used in order to control the purity of the RNA (lane 19). Results confirm that the RNA samples do not contain residual DNA.
Characterization of the L. sphaericus JG-B53 S-layer protein Slp1
The entire sequence of the functional S-layer protein gene slp1 of L. sphaericus JG-B53 indicated one open reading frame (ORF) of 3312 bp encoding a protein of 1104 aa. The ORF starts with ATG and is preceded by a typical ribosome-binding site (GGAGGAA) with a distance of 13 bp between the middle A of this sequence and the start codon. Two putative promoter sequences were identified at 106 nt (TTGACA, 235) and 86 nt (AACTATACT) upstream of the start codon (Table S1 ), which have been described as strong prokaryotic promoters (Pollmann et al., 2005 ). An inverted repeat of 36 nt was found at position 56-91 downstream from the stop codon TAA of the ORF. 
DGIYIVNEL GL.T GDP.GRFNPNQPLTRAQAS
This repeat forms a characteristic stem-loop of a terminating transcription signal followed by an AT rich region. Therefore, the detected ORF shows all the typical features of an intact gene. In addition, at the contig the putative gene B53 slp1 is followed upstream by an ORF of 849 bp that shows an identity of 86 % to the L. sphaericus C3-41 flagellin (accession no. YP_001696777.1) and by an ORF of 744 bp that shows an identity of 96 % to the L. sphaericus putative teichoic acid biosynthesis protein (accession no. CAI29287.1). Downstream the S-layer protein gene B53 slp1 is followed by an ORF of 1827 bp that shows an identity of 48 % to the Bacillus cereus capsular polysaccharide biosynthesis protein CapD (accession no. ZP_04225454.1) and an ORF of 798 bp that shows an identity of 44 % to the Bacillus azotoformans LMG9581 ABC 2 type transporter (accession no. ZP_11315299.1) (Fig. S1 ). These encoded proteins are involved in the assembly of cell walls and the genes are often found close to S-layer genes (Pollmann et al., 2005) .
Comparison of the B53 S-layer protein structures with similar S-layer proteins
The L. sphaericus JG-B53 S-layer protein gene slp1 exhibits an identity of 67 % to the functional S-layer protein gene slfB of L. sphaericus JG-A12 (accession no. AJ849549) and an identity of 65 % to the functional S-layer protein gene slfA of L. sphaericus NCTC 9602 (accession no. AJ849547). The entire S-layer protein sequences of the uranium mining waste pile isolate L. sphaericus JG-A12 and of L. sphaericus NCTC 9602, which were previously described in detail (Pollmann et al., 2005) , show identical upstream promoter regions, comprising the same ribosome-binding site and the same putative promoters. Similarly, the first 660 nt of the three ORFs show a high similarity (88 %), whereas the central region of the genes from position 660 to position 2430 shares a decreased similarity from 87 % to 53 %. After position 2430 the genes differ significantly. The putative S-layer protein genes of L. sphaericus JG-B53 were analysed using BLAST in order to identify protein identities in other bacteria (Table S2) . Analogies were found, amongst others, to S-layer proteins of Bacillus thuringiensis and Lysinibacillus strains.
DISCUSSION
Prokaryotes are able to rapidly adapt to difficult living conditions in a number of different ways: by changing their metabolism; by changing their protein expression; and by displaying changed surface properties to protect the cells from toxic influences. One example is biosorption, a mechanism where the surface structures of the cells bind the toxic metals, thereby preventing uptake in the cytoplasm.
In previous studies soil samples were taken from the uranium mining waste pile Haberland, located near the town of Johanngeorgenstadt. The colonizing bacteria were isolated, cultivated and characterized by 16S rDNA analyses (Selenska-Pobell et al., 1999) . Several bacterial strains were analysed in more detail so that the bacterial strategies to deal with the high amount of heavy metal ions could be identified. S-layer proteins were identified at the cell surface of many bacterial strains by using microscopic methods like TEM and AFM (Houwink, 1953; Messner & Sleytr, 1991; Sára et al., 2005) . Raff (2002) identified the direct correlation of the present S-layer proteins as part of the bacterial strategy against heavy metal ions. The binding mechanism of heavy metal ions to the bacterial S-layer protein lattice by biosorption immobilizes heavy metal ions, which, retarded by this effect, cannot penetrate the interior of the cell (Raff, 2002) .
Characterization of the S-layer protein B53 Slp1 of L. sphaericus JG-B53
The gene of the functional S-layer protein Slp1 of the uranium mining waste pile isolate L. sphaericus JG-B53 was identified in the genome encoding a protein of 1104 aa with a theoretical molecular mass of 116 kDa. After signal peptide cleavage the functional S-layer protein exhibited a theoretical molecular mass of 113 kDa. Additionally, posttranslational modifications like glycosylation and phosphorylation were detected. However, these few modifications have only a marginal impact on the molecular mass of Slp1. Using static light scattering the mean molecular mass of Slp1 was identified to be 115 (±10) kDa. However, SDS-PAGE analyses of purified B53 Slp1 identified a dominant protein band at 150 kDa.
The mismatch between theoretical molecular mass and the observed molecular mass in SDS gels is possibly due to charge dependent artefacts in the SDS gel. For example some highly basic proteins run more slowly than expected through the gel matrix. This was explained by the reduced overall negative charge on the protein due to the high proportion of positively charged amino acids (Walker, 2009 ). However, B53 Slp1 exhibits an isoelectric point of 5.5. Another possible reason for the mismatch is the development of iso-peptide bonds that were not destroyed during protein denaturizing. Supporting this theory is the inaccessible N terminus of B53 Slp1 that may be linked with the interior part of the protein. Nevertheless, this conjecture requires detailed biochemical investigation. Notwithstanding, static light scattering results accorded with the genetic data, verifying a protein size of 115 (±10) kDa.
Bacterial strategies to cope with changing environmental conditions
The genome sequence of L. sphaericus JG-B53 exhibits at least eight putative S-layer protein genes showing, with one exception, distinct similarities to S-layer protein genes of other Lysinibacillus species. Sequence similarities of S-layer proteins revealed in many cases an evolutionary relationship . The multiplicity of highly different S-layer genes and the co-expression of three different Slayer proteins in L. sphaericus JG-B53 is remarkable. These observations differ distinctly from those for the related strain L. sphaericus JG-A12, which exhibits just two structurally similar S-layer genes and expresses one S-layer gene (Pollmann et al., 2005) . Comparable numbers of highly different S-layer genes are present in L. fusiformis ZC1, a strain that was isolated from chromium contaminated wastewater of a metal electroplating factory in China (He et al., 2011) . However, the S-layer expression of L. fusiformis ZC1 has not yet been published. The high number of putative S-layer protein genes indicates a massive evolutionary pressure as a consequence of the direct interaction of prokaryotic cells with different habitats and changing ecological conditions. Micro-organisms living in highly polluted heavy metal environments often feature a variety of S-layer protein genes. This occurs possibly through horizontal gene transfer and probably as a responsive survival strategy to rapidly changing environmental conditions (Schäffer et al., 2001) .
Generally, horizontal gene transfer and DNA rearrangements are proposed to be responsible for S-layer gene variations and mechanisms, enabling fast response to changing environmental conditions. Horizontal gene transfer provides microbes with a variety of adaptive traits for microbial survival and proliferation (Martinez et al., 2006) .
Potentially, the expression of the eight putative S-layer protein gene sequences of L. sphaericus JG-B53 can be varied. Variations in the S-layer protein genes that encode S-layer proteins with different characteristics have been reported on several occasions. The expression of these Slayer genes is controlled by DNA rearrangements (Blaser et al., 1994; Boot et al., 1996; Scholz et al., 2001) . It is well known that the interaction of an organism with its environment is regulated by these rearrangements, although the vast majority of the genes of an organism are regulated without DNA rearrangements (Borst & Greaves, 1987) . The chromosomal rearrangements which are responsible for the expression of different S-layer proteins were induced, in most cases, by different stress factors such as oxygen stress or changing temperatures (Ishiguro et al., 1981; Jakava-Viljanen et al., 2002; Kuen et al., 1997; Scholz et al., 2001) or variations in the concentration of glucose or amino acid composition within the medium (Pink et al., 1996; Sára et al., 1996) .
In addition to the already identified functional S-layer protein B53 Slp1, mRNA studies demonstrated the coexpression of other putative S-layer proteins in L. sphaericus JG-B53. The co-expression of different S-layer proteins within one organism as described for Bacillus brevis 47 (Tsuboi et al., 1982) and Aquaspirillum sinuosum (Smith & Murray, 1990) may reinforce the bacterial cell wall and potentially increase the functions of S-layer proteins. These data indicate the highly flexible nature of bacterial genomes (Scholz et al., 2001) . Nevertheless, the proteins were not detected with protein analyses. Therefore, their function is not clear yet. Genetic studies of the expressed putative S-layer proteins have shown distinct differences between them in terms of size, amino acid composition, localization of the SLH domains, and the isoelectric point, indicating different functions of the proteins. The co-expression of three putative S-layer proteins is remarkable, and to the best of our knowledge this is the first study that reports the simultaneous expression of three putative S-layer proteins.
Sequence characterization of putative L. sphaericus JG-B53 S-layer proteins
The identified putative S-layer protein sequences varied distinctly in their amino acid compositions, in the occurrence of signal peptides and in the position and number of SLH domains. The amino acid composition of S-layer proteins is characterized by a high content of lysine, as predominant basic amino acid, and acidic and hydrophobic amino acids, as well as a low content of arginine, histidine and methionine (Sára & Sleytr, 2000) . Slayer proteins exhibit in most cases a typical 30 amino acid leader peptide with a positively charged N terminus, a hydrophobic core and a recognition site for cleavage by specific signal peptidases at the C terminus (Bendtsen et al., 2004; Claus et al., 2005) . SLH domains were detected in multiple S-layer proteins. Diverse cell associated proteins and enzymes of phylogenetically unrelated Gram-positive and Gram-negative bacteria exhibit SLH motifs as well (Engelhardt & Peters, 1998) . The occurrence of SLH motifs in proteins that do not share common similarities demonstrates that this conserved protein sequence must be regarded as a modular component that was linked to different proteins during evolution (Engelhardt & Peters, 1998) . The SLH motifs of putative S-layer proteins of L. sphaericus JG-B53 are localized in most cases at the N terminus; however, the putative S-layer protein sequences B53 Slp2 and B53 Slp8 exhibit SLH motifs at the C terminus. BLAST analyses that identified B53 Slp2 and B53 Slp8 as S-layer like proteins demonstrated high similarities (up to 75 %) to S-layer like proteins of strains such as B. thuringiensis (B53 Slp2) and Alkaliphilus oremlandii (B53 Slp8), respectively, with similar C-terminal SLH motifs. The multiplicity of the eight putative S-layer proteins indicates special structural and functional characteristics of these proteins. Their expression might support bacterial survival in changing environmental conditions.
Characterization of putative L. sphaericus JG-B53 S-layer genes
The DNA sequences upstream and downstream from the eight putative S-layer protein genes were characterized with respect to functional promoter sequences, ribosomebinding sites and inverted repeats (Table S1 ). The majority of those sequences were characterized by the potential to be expressed.
Analyses of mRNA demonstrated the expression of three putative B53 S-layer proteins during cell growth. In contrast, mRNA data excluded the expression of the other putative S-layer genes. To date, the expression of the additional identified putative S-layer proteins has not been detected during functional S-layer protein purification. However, the purification of the functional S-layer protein B53 Slp1 is usually focussed on high molecular mass proteins because of their use in continuing analyses. Other expressed proteins were not focussed on in these previous studies. Possibly, these S-layer proteins were released to the culture medium, or they remained in the interior of the cells. Another possibility is that they were lost during protein purification. A further possible explanation is that the putative S-layer proteins might be cell envelope proteins with S-layer gene sequence similarities, but with functions and structures that differ distinctly from characteristic S-layer proteins.
However, the multiplicity of putative S-layer protein gene sequences might be an essential advantage for L. sphaericus JG-B53 in its heavy metal contaminated environment.
S-layer sequence comparisons
The identified functional L. sphaericus JG-B53 S-layer protein Slp1 is very similar to the functional S-layer SlfB of the uranium mining waste pile isolate L. sphaericus JG-A12 and the functional S-layer SlfA of L. sphaericus NCTC 9602. The strains L. sphaericus JG-B53 and L. sphaericus JG-A12 were both isolated from the uranium mining waste pile Haberland and express functional S-layer proteins with high similarities that suggest a relationship. They were potentially equipped at a specific point in time with this S-layer protein gene that seems to have the most positive characteristics for living in the metal contaminated environment. Similarities to the N terminus of B53 Slp1 were found for the putative Slayer protein B53 Slp5 as well as for the S-layer protein of G. thermoglucosidasius. This N-terminal domain containing the SLH motifs seems to be an often used motif that is also found in other strains, such as Sporosarcina species and L. fusiformis ZC1. This conserved sequence has itself potentially proven an efficient cell wall anchor.
Future studies have to focus on the localization of the coexpressed putative S-layer proteins in cells of L. sphaericus JG-B53 by using TEM and thin sections in combination with antibodies. Variation of growth parameters needs to be done in order to analyse the expression intensity of the different S-layer proteins. Analyses of functions and structural characteristics of the putative S-layer proteins are important to get more detailed protein information. Proteome studies are a necessary step to characterize L. sphaericus JG-B53. The heterologous expression of single putative B53 S-layer proteins has to be done as well as analyses of the interaction of these proteins with specific metal ions. Size exclusion methods should be used to confirm the molecular mass of the functional S-layer protein B53 Slp1. Finally, future studies need to identify the relevance of the co-expression of different putative Slayer proteins in L. sphaericus JG-B53.
CONCLUSION
The uranium mining waste pile isolate L. sphaericus JG-B53 possesses an S-layer protein coated surface. Genomic data on L. sphaericus JG-B53 were analysed in order to identify potential strategies of the bacteria to survive in highly heavy metal contaminated soil. The genome data were generated by next-generation sequencing (NGS) technology and analysed using the Genomics workbench (CLC bio). This study identified at least eight putative S-layer protein genes and S-layer like protein genes. Analyses of mRNA identified the co-expression of three putative Slayer proteins. These data indicate a multitude of horizontally transferred genes that may enable the quick adaptation of bacteria to changing environments.
The functional S-layer proteins as well as the silent S-layer like protein genes are interesting as subjects for further functional and structural studies e.g. by heterologous expression and purification of recombinant proteins. Future studies should also clarify the localization and specific functions of the proteins and their metal-binding characteristics.
To the best of our knowledge, this is the first study that describes such a huge variety of different S-layer variants that occur in one strain.
